Benzothienobenzothiophene (C 8 -BTBT) is a soluble organic small molecule material with high crystallinity resulting from its strong self-organizing properties. In addition, the high mobility and easy fabrication of C 8 -BTBT make it very attractive in terms of organic thin-film transistors. In this work, we made C 8 -BTBT thin films by using the zone-casting method; we also used an organic solvent to treat the devices with solvent vapor annealing to improve the electrical properties. As a result, we confirmed improved mobility, threshold voltage, and subthreshold swing after solvent vapor annealing. To prove the effect of solvent vapor annealing, we used the simultaneous extraction model to extract the contact resistance from the current-voltage curve. We confirmed that the electrical properties improved with decreasing contact resistance.
Introduction
any researchers have been focused on organic semiconductors over the past decades because these devices have many advantages such as low-cost, large-area deposition, and flexibility. 1, 2) Recently, the field effect mobility of small-molecule organic semiconductors has exceeded that of amorphous silicon, which shows the potential for these devices to be applied to electronic products. 3, 4) With modification of the molecular structure, many organic semiconductors have or can have good solubility in organic solvents. This solubility property enables organic materials to be utilized through solution process, which is a very attractive process compared to other techniques. 5, 6) The solution process is cost effective because it does not require a vacuum or high temperature system; this allows simplified fabrication procedures compared to the conventional microfabrication process, which is based on vacuum technology. 7, 8) Therefore, soluble organic materials have a strength in the realization of flexible electronic devices such as displays, thin-film transistors (TFTs), solar cells etc. Among the various solution processes, zone-casting 9, 10, 11) allows the fabrication of well-ordered organic thin films; zone-casting, due to the use of a specialized flat nozzle and a mobile substrate carrier, is more beneficial for large-area device fabrication than are other solution techniques such as inkjet printing, drop casting, 12) or spin coating. 13) In this paper, one soluble small molecule organic material, benzothienobenzothiophene (C 8 -BTBT), was zone-cast; this material has high mobility in organic thin film transistors (OTFTs). 14) And, solvent vapor annealing (SVA) 15, 16) was conducted to enhance the performance by improving the charge injection properties of the OTFTs.
Experimental Procedure
Prior to the fabrication of zone-cast organic thin films, cleaned silicon substrates with 300 nm-thick SiO 2 were used. The wafer was cleaned in piranha solution on a 100 o C hotplate for 10 min; the cleaning solution was composed of H 2 SO 4 and H 2 O 2 at a ratio of 7 : 3. Samples were then cleaned using an ultrasonic generator in acetone, IPA, and D.I water for 10 min, each. To optimize the concentration of the C 8 -BTBT solution, 2, 5, 10, and 15 mg/ml solution concentrations were adopted. C 8 -BTBT was dissolved in 1,2-dicholorobenzene (DCB) and zone-casting was carried out at 5 mm/s speed. All procedures were executed in nitrogen atmosphere. During the casting process, the solution temperature and the substrate temperature were maintained at 80 o C and 120 o C, respectively. A 100 nm thick Au contact was deposited by thermal evaporation to make the source and drain and to fabricate the bottom-gated top-contact structure. The channel length and the width of the shadow mask were 50 and 2000 μm, respectively. Devices were treated with solvent vapor on the hotplate, and were then sealed in a glass bath for 1 h at ambient atmosphere. The surface morphology of the C 8 -BTBT thin film was observed M Communication by atomic force microscopy (AFM) (XE-100, Park System). We used X-ray diffraction (XRD) (D/Max-2500V, Rigaku) to confirm the crystalline nature of the C 8 -BTBT thin film. The electrical characteristic of the C 8 -BTBT transistors was measured using a semiconductor characterization system (Keithley 4200-SCS).
Results and Discussion
To fabricate highly oriented crystalline films, zone casting was conducted with various solution concentrations. A heavily doped n+ silicon wafer with thermally oxidized silicon dioxide (SiO 2 ) (300 nm) was used as a substrate. An optimized concentration of the C 8 -BTBT solution was used from 2 to 15 mg/ml. Since the film morphology varies sensitively with the temperature (for both the substrate and the solution), and the casting speed, the zone-casting condition was established using a temperature of 80 o C of the solution, and a temperature of 120 o C of the substrate; the casting speed was 5 mm/s. Also, to prevent any possible degradation of the solution at elevated temperature by oxygen and moisture in the atmosphere, casting was carried out in a nitrogen-filled glove box. After the casting process, the films were heated at 100 Transfer curves with various concentrations of C 8 -BTBT solution are shown in Fig. 2(a) . As the concentration of the C 8 -BTBT solution increased, the turn-on voltage moved from negative bias to zero without change of the off-current; this change is related to the microstructure of the molecular stacking in the cast film. We determined that 15 mg/ml is the optimized solution concentration, and this concentration was used to fabricate the C 8 -BTBT FETs. XRD analysis shows a well-ordered C 8 -BTBT thin film along the c-axis, as can be seen in Fig. 2(b) . Three peaks were detected at 3.1, 6.15, and 9.2°, which indicated the (001), (002), and (003), respectively. The lattice structure, which is related to the XRD data, will be discussed later, along with a discussion of the molecular stacking of the C 8 -BTBT. Figure 3(a) is an optical microscope image of the C 8 -BTBT thin film with large crystal. A snowflake-shape was observed; there was no specific orientation of the crystalline with respect to the zone casting direction in this work. The isotropy of the cast film is due to the high speed of casting; an aligned film along the casting direction was observed when the casting speed was slow (0.4 mm/s; data is not shown here).
Surface morphology was observed by AFM and is shown in Fig. 3(b) .
17) The C 8 -BTBT thin film shows two large and apparent terraces within an area of 15 × 15 μm
2
. The height of the terrace was measured by checking the line spectrum from the red line (A-B) in Fig. 3(b) . The height of the terrace was approximately 2.92 nm, which corresponds to the length of the c-axis of the C 8 -BTBT monolayer in the crystal structure. The molecular arrangement of C 8 -BTBT is depicted in Fig. 3(d) , with the length of the c-axis.
Before and after solvent vapor annealing, the electrical characteristics of the transistors were measured under high vacuum (~10 -6 torr). /Vs; the subthreshold voltage (V th ) and the subthreshold swing (SS) were −22 V and 7 V/decade, respectively, in the saturation regime. After solvent vapor annealing, the mobility, subthreshold voltage, and subthreshold swing were 0.35 cm 2 /Vs, −12 V, and 1.5 V/decade, respectively. After solvent vapor annealing, the main factors of the TFT performance, such as the mobility, threshold voltage, and subthreshold swing, were found to have improved. Fig. 4 (c) and 4(d) indicate the output curves before and after solvent vapor annealing, respectively. Comparing Fig. 4(c) and 4(d) , we found that the maximum drain current increased after SVA, which leads to higher mobility. Also, suppression of the drain current, indicated by the linear ohmic curve, at small drain bias was reduced after solvent vapor annealing; this indicates a more facile charge injection from the metal contact electrode to the semiconducting layer. We believe that the enhancement of the device characteristics with solvent vapor annealing is caused by reduced contact resistance between the C 8 -BTBT layer and the Au contact electrodes.
To investigate the effect of solvent vapor annealing, we calculated the contact resistance using a comparison of C 8 - BTBT devices before and after solvent vapor annealing. Contact resistance was directly estimated as a function of the gate voltage using the transfer curves; this method is the simultaneous extraction model suggested by di Pietro et al. 18, 19) (1)
, the channel voltage drop, was determined from Eq. (1), in which k was obtained using power laws, [μ(
and k = (β+2)/(2(β+1)), which is commonly used for the estimation of the charge density dependent mobility. The contact resistance was extracted using Eq. (2) once had been obtained from the transfer curves of the linear and saturation regimes.
A comparison of the contact resistances before and after solvent vapor annealing, according to the gate bias extracted from the equations above, is shown in Fig. 5(a) . A definite reduction in the contact resistance can be observed after solvent vapor annealing. Especially, the difference of the contact resistance at small gate bias, at which the charge injection properties are critical for device performance, was distinct. This can provide an explanation for the remarkable enhancement of the subthreshold voltages and the subthreshold swing properties evident in the transfer curves after solvent vapor treatment. The difference of the contact resis- /Vs, a relatively small amount considering the improvements of the subthreshold voltages and the subthreshold swing properties. These improvements seem to be related with the similar contact resistance values at higher gate voltages. We suggest that solvent vapor annealing of the C 8 -BTBT transistors was effective at reducing the contact resistance but did not affect the C 8 -BTBT channel properties due the annealing temperature, which was too low to induce recrystallization of the molecules. During the process of solvent vapor annealing, relief of the strain that accumulated between the Au contact and the C 8 -BTBT films during thermal evaporation can be seen as a reason for the improved charge injection. Therefore, solvent vapor annealing can be utilized as a useful post-treatment to reduce contact resistance via a simple process, while intrinsic film properties are not affected.
Conclusions
We fabricated C 8 -BTBT transistors by zone-casting technique. The basic characteristics of C 8 -BTBT thin film were observed by optical microscopy, AFM, and XRD; the film showed a well-ordered large crystalline structure along the (001) axis. The height of the terrace was approximately 2.290 nm, which corresponded with the length of the molecules of C 8 -BTBT. Among various concentrations of the C 8 -BTBT solution, we found that 15 mg/ml was the optimized solution concentration. Next, we compared the electrical characteristics of the C 8 -BTBT transistors before and after solvent vapor annealing to determine if there were any improvement of the TFT performance in such areas as mobility, threshold voltage, and subthreshold swing. To investigate the effects of solvent vapor annealing, we calculated the contact resistance using a simultaneous extraction model. As a result, significantly lower contact resistances at small gate voltage range were observed when the device was treated with solvent vapor. This treatment induced better charge injection properties and led to smaller threshold voltages and smaller subthreshold swing. We suggest that solvent vapor annealing can be employed as a simple posttreatment to relieve the strain between layered contacts and solution-processed organic semiconducting films.
